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Abstract

Transboundary water resources have become increasingly vulnerable to climate change, hydrological variability,
population growth, and geopolitical tensions, creating significant challenges for sustainable environmental governance.
This study examines the effectiveness of international environmental law in addressing emerging transboundary water
governance challenges and proposes policy-oriented solutions for strengthening cooperative water management. The
research adopts a qualitative and interdisciplinary approach based on doctrinal legal analysis, comparative case-study
evaluation, and secondary quantitative data obtained from the Aqueduct 3.0 Water Risk Dataset. Comparative analysis
was conducted on selected transboundary river basins, including the Nile, Indus, Mekong, and Danube basins. The
empirical findings reveal that interannual and seasonal climate variability significantly increase baseline water stress and
governance vulnerability in several regions. Countries located in arid and politically sensitive areas demonstrated the
highest overall water-risk levels, highlighting the growing relationship between environmental stress and hydro-political
instability. The study further finds that existing international legal frameworks remain constrained by weak enforcement
mechanisms, institutional fragmentation, and limited adaptive capacity. The research concludes that strengthening
transboundary water governance requires climate-responsive legal reforms, adaptive institutional frameworks, enhanced
international cooperation, and preventive water diplomacy to ensure long-term water security and environmental
sustainability under changing global environmental conditions.

KeyWOI‘dS: Transboundary Water Governance, International Environmental Law, Climate Change, Water Security,
Hydro-politics

1. Introduction

The transboundary water resources have become more vital in modern international environmental governance for their
indispensable contribution to human survival, economic development, ecological sustainability, and regional stability.
Strategic environmental assets that are shared among more than one state include rivers, lakes and aquifers, which have
intricated hydrologic and political dynamics. Cooperative governance is key to achieving sustainable water management
and conflict prevention in more than 260 river basins across the world (Munia et al., 2016). However, increased
environmental pressures like climate change, industrialization, fast urbanization, and population growth have increased
the pressure of water insecurity across the globe and competition over available freshwater resources (Udochukwu et al.,
2024). The effects of climate change on hydrological cycles, such as increased temperatures and changes in precipitation
and drought duration, have exacerbated water scarcity and environmental vulnerabilities in several transboundary basins
(Gokeekus & Bolouri, 2023). At the same time, the quality of water resources and the state of the ecosystems are being
compromised by industrial growth and unsustainable resource utilization, adding to the challenges of sustainable
freshwater governance (Manzoor et al., 2025).

To meet these new challenges, international environmental law has established several legal principles and institutional
structures to govern equitable and sustainable use of shared water resources. Modern international water law is based on
principles such as equitable and reasonable utilization, no significant harm and duty to cooperate (Caponera & Nanni,
2019). However, these frameworks have limited effectiveness because of a lack of good enforcement, fragmented
institutional structures, and growing geopolitical tensions between the riparian states. Water uses often influence water
availability and create hydro-political conflicts and inefficiencies in water governance upstream (Munia et al., 2016).
Moreover, governance arrangements do not typically have the adaptive capacity to deal with climate-related uncertainties
and new environmental risks (Pahl-Wostl, 2015). Good transboundary water governance is thus crucial in order to attain
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SDG 6 (Clean water and sanitation) and SDG 13 (Climate action) (Amezaga et al., 2019; Nandi & Swain, 2024). In view
of this, this paper explores the new challenges to transboundary water governance and assesses policy options in light of
international environmental law.

Research Objectives

1. To examine the effectiveness of international environmental law in transboundary water governance
2. To analyze the impact of climate change and hydro-political challenges on shared water resources
3. To propose policy solutions for sustainable and cooperative transboundary water management

2. Literature Review and Theoretical Framework

2.1 Concept of Transboundary Water Governance

Transboundary water governance is the legal, institutional and political mechanisms that enable states to deal with their
shared freshwater resources, including rivers, lakes, and aquifers. It includes teamwork, disagreements, conservation of
the environment, and fair sharing of resources between riparian states (Varady et al., 2023). Water governance, as opposed
to water management, which is predominantly a technical and operational concept and addresses, among others,
infrastructure development and water distribution, has a broader focus and deals with the water management processes,
the coordination of institutions, the involvement of stakeholders and the regulatory basis (Knieper & Pahl-Wostl, 2016).
The more modern governance practices are increasingly favoring Integrated Water Resources Management (IWRM), that
strives to reconcile economic development, environmental sustainability, and social equity in water use. While its
effectiveness is also dependent on institutional and political settings, IWRM offers a flexible governance framework that
can help tackle complex transboundary water issues (Nagata et al., 2022). Giordano and Shah (2017) also state that IWRM
needs to be tailored to local regional and basin conditions to be applied to the region, and not as a governance model.

2.2 Evolution of International Water Law

International water law has evolved toward a gradual shift from sovereign state-centredness to water cooperation and
good governance. The principles of equitable utilization and reasonable sharing of international watercourses were set in
the 1966 Helsinki Rules (Bogdanovi¢, 2019). The UN Convention on the Law of the Non-Navigational Uses of
International Watercourses (1997) was later adopted that reinforced cooperation, prior notification, and prevention of
significant harm requirements. Legal protection was extended further by the introduction of environmental sustainability,
human rights and ecosystem protection to water governance frameworks under the Berlin Rules (2004). Likewise, the
UNECE Water Convention facilitated cooperation at the basin level, joint monitoring processes and integrated
management strategies. According to Canelas de Castro (2015) sustainability concepts and environmental protection have
become part of modern international law, and this is being incorporated into transboundary governance systems. Setting
the governance framework for international environmental law

2.3 Core Principles of International Environmental Law

Under international environmental law, there are several principles that guide transboundary water governance. The
concept of equitable and reasonable use of water demands the equitable sharing of water resources among different states
while taking into account environmental and socio-economic needs. The no significant harm principle requires the states
to take measures to avoid activities that could negatively impact other riparian states. Moreover, the obligation to
cooperate fosters the sharing of information, consultation and institutional cooperation. Isakova (2018) points to the two
guiding principles of modern environmental governance: the precautionary principle and the sustainable development
principle, especially in the face of uncertainty and ecological risks.

2.4 Emerging Scholarly Debates

The recent scholarship has underscored concerns on the environmental justice, hydro-hegemony, climate adaptation, and
governance effectiveness. According to Warner et al. (2017), the theory of hydro-hegemony is able to show how the
powerful states always control the negotiation and water allocation processes across borders. Moreover, the growing
climate variability has raised the debate regarding the need for adaptation-oriented legal changes and institutional
resilience. Scholars also focus on continuing compliance and enforcement issues in international water law, with poor
monitoring systems and few enforceable mechanisms (Varady et al., 2023).

2.5 Theoretical Framework

In this study, Regime Theory, Hydro-hegemony Theory and Environmental Governance Theory are used. The Regime
Theory focuses on how international institutions and norms can help to promote cooperation among states despite their
competing interests (Meiches & Hopkins, 2017). Shared water systems are considered when applying Hydro-hegemony
Theory, which deals with power imbalances between the upstream and downstream states (Warner et al., 2017). The
theory of environmental governance focuses on collective action, multi-level governance and adaptive management in
the governance of environmental resources (Partelow et al., 2020).

2.6 Research Gap

There is extensive literature on the international law and interstate governance, but there are some significant gaps.
Existing research does not adequately combine or synthesize information on climate risks with legal governance analysis.
Moreover, there is a lack of interdisciplinary research addressing the link between water stress indicators and effectiveness
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of treaties. The literature also lacks comprehensive frameworks of adaptive governance that can deal with uncertainty
resulting from climate change, geopolitical tensions, and emerging environmental risks in trans-boundary water systems.

3. Methodology

3.1 Research Design

In this study, the research design is qualitative and interdisciplinary that explores how effective international
environmental law is in transboundary water governance. This study focuses mainly on the doctrinal legal methodology
to assess legal principles, institutional structures, and governance mechanisms pertaining to shared fresh water resources,
and comparative policy analysis to examine legal principles and institutions. The design can be used to analyse complex
environmental and geopolitical issues related to transboundary water systems.

3.2 Sources of Data

The study is based solely on secondary sources of data retrieved from international legal instruments, peer-reviewed
journal articles, institutional reports and environmental databases. Important legal instruments are the Helsinki Rules
(1966), the UN Watercourses Convention (1997), the Berlin Rules (2004) and the UNECE Water Convention. The
Aqueduct 3.0 Water Risk Dataset is also used to explore climate-related water stress and vulnerability in transboundary
areas (Rebecca Verghese, 2019).

3.3 Case Study Selection

Selected transboundary river basins (TRB), such as the Nile Basin, Indus Basin, Mekong River Basin and Danube Basin,
are analysed using a comparative case-study approach. These case studies have been chosen because of their geopolitical
relevance, environmental significance and institutional diversity. Comparative analysis helps in identifying similarities in
governance, legal constraints, cooperative mechanisms and 'hydro-political challenges' in various regional contexts.

3.4 Data Analysis Method

Doctrinal legal analysis, thematic content analysis and comparative analysis are used to analyze the collected data.
Existing international environmental law frameworks are evaluated with the aid of legal principles and treaty provisions.
Moreover, the descriptive interpretation of secondary water-risk data is performed to explore the water scarcity, climate
vulnerability, and governance pressure trends in transboundary basins.

3.5 Theoretical and Ethical Framework

The approach of the study is based on Regime Theory, Hydro-hegemony Theory and Environmental Governance Theory
that will explain the institutions' cooperation, power asymmetries and adaptive governance mechanisms in shared water
systems. Use of secondary data and appropriate academic sources is the means by which ethical considerations are kept
in mind. The study does not include human subjects or primary field research, so there are less ethical issues in the data
collection.

4. Results

4.1 Descriptive Analysis of Water Risk Indicators

The descriptive statistics for the major water-risk indicators in the study are provided in Table 1. The results show that
there is a significant difference among the transboundary water risks experienced in the regions studied. The water stress
score had a mean score of 1.574 and maximum score of 5 indicating that there are some areas with very high-water stress
conditions. The relatively low median value (0.358), in comparison with the quartile value (3.180) shows an unequal
distribution of water stress around the globe, with some nations being subjected to disproportionately high levels of
freshwater pressure. The reported mean values of interannual variability and seasonal variability were 1.986 and 2.028
respectively, which signify significant hydrological instability associated to climate variability. River flood risk had the
highest mean score (2.204), indicating a high exposure to environmental risk factors in flood hazard areas. Coastal flood
risk (cfr_score) had a relatively low mean score (0.344) suggesting coastal flooding is geographically localized.

Table 1. Descriptive Statistics of Water Risk Indicators

Variable N Mean | Std. Dev. | Minimum | Median | Maximum
Baseline Water Stress (bws _score) | 54,388 | 1.574 | 1.893 0.000 0.358 5.000
Interannual Variability (iav_score) | 54,388 | 1.986 | 1.207 0.366 1.604 5.000
Seasonal Variability (sev_score) 54,388 | 2.028 | 1.073 0.101 1.907 5.000
River Flood Risk (rfr_score) 54,388 | 2.204 | 1.417 0.000 2.256 5.000
Coastal Flood Risk (cfr score) 54,388 | 0.344 | 0.948 0.000 0.000 5.000

4.2 Correlation Analysis

As revealed by the correlation analysis (Table 2), statistically significant relationships exist between the major indicators
of water-risk. Hydrological instability accounts for a moderate positive correlation with the interannual variability at
baseline water stress (r = 0.523) and with seasonal variability at baseline water stress (r = 0.388). Moreover, the interannual
variability was also found to be positively correlated with the seasonal variability (r = 0.321), indicating the
interconnectedness of the dynamics of the climate fluctuations in transboundary basins. On the other hand, water stress
indicators were found to show weak, negative relationships with river flood risk and coastal flood risk, suggesting that
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floodplains are not necessarily characterized by chronic water stress. There are no unusually high correlation coefficients,
which suggests that there is not a major problem of multicollinearity in the subsequent regression as shown figure 1.

Table 2. Correlation Matrix of Water Risk Indicators

Variables bws_score iav_score sev_score rfr_score cfr_score
bws_score 1.000 0.523 0.388 -0.128 -0.113
iav_score 0.523 1.000 0.321 -0.183 -0.114
sev_score 0.388 0.321 1.000 0.063 -0.103
rfr_score -0.128 -0.183 0.063 1.000 0.186

cfr score -0.113 -0.114 -0.103 0.186 1.000
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Figure 1: Cluster Heatmap of Correlation

The cluster heatmap reveals that baseline water stress, interannual variability, and seasonal variability form a closely
related cluster, indicating strong climate-driven hydrological interactions. In contrast, river and coastal flood risks exhibit
weaker associations, suggesting distinct environmental risk dynamics.

4.3 Country-Level Water Risk Assessment

The top 15 countries with the highest overall water-risk scores are detailed in Table 3. The United Arab Emirates had the
highest overall risk score (2.851), which was caused by very high baseline water stress and interannual water stress
variability. Afghanistan, Oman, Niger, Botswana, Mauritania and Namibia also exhibited high composite risk levels due
to water scarcity, drought severity and climate variability. The water stress scores remained high in several Middle Eastern
countries, such as Israel, Jordan, Kuwait and Yemen, indicating high freshwater scarcity and hydro-political vulnerability.
Furthermore, there are some countries in Africa that were severely drought impacted and climatically unstable, further
strengthening the concerns of governance pressures and environmental insecurity in the transboundary river basins.

Table 3. Top 15 Countries by Overall Water Risk

Country Overall Risk Score
United Arab Emirates 2.851
Afghanistan 2.594
Oman 2.565
Niger 2.564
Botswana 2.542
Mauritania 2.540
Namibia 2.532
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Cayman Islands 2.525
Israel 2.510
Chad 2.491
Yemen 2.486
Western Sahara 2.484
San Marino 2.467
Kuwait 2.449
Jordan 2.421

4.4 Regression Analysis

Climate variability and indicators of flood risk were used to evaluate their effect on the baseline water stress through
regression analysis. The regression model was statistically significant (F = 6775, p < 0.001) and accounted for about
33.3% of the variance in the baseline water stress (R? = 0.333) as presented in Table 4. Interannual variability (B = 0.672,
p <0.001) had the greatest positive influence on water stress, signifying that the interannual variation in the hydrological
conditions significantly contributes to increasing the water stress. Seasonal variability was also found to have a significant
positive correlation with governance pressure (f = 0.444, p < 0.001), showing that greater water resource governance
pressure is found with increasing seasonal variability.

River flood risk (f =-0.081, p < 0.001) and coastal flood risk (f = -0.055, p < 0.001) had weak negative relationships
with baseline water stress. The results show that the phenomenon of water risk can be complex, with regions exposed to
flooding risks not necessarily being chronically water scarce. In general, the findings of the regression analysis suggest
that there is ample empirical evidence to support the significant role climate-induced hydrological variability plays in
transboundary water stress and governance vulnerability as shown in figure 2.

Table 4. Multiple Linear Regression Results

Variables Coefficient (p) Std. Error t-value p-value

Constant -0.463 0.020 -23.476 <0.001

Interannual Variability (iav_score) 0.672 0.006 113.045 <0.001

Seasonal Variability (sev_score) 0.444 0.007 67.087 <0.001

River Flood Risk (rfr_score) -0.081 0.005 -16.593 <0.001

Coastal Flood Risk (cfr_score) -0.055 0.007 -7.653 <0.001
Model Summary

Statistic Value

R-squared 0.333

Adjusted R-squared 0.333

F-statistic 6775

Probability (F-statistic) <0.001

Number of Observations 54,388
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Figure 2: Regression Coefficients and 95% Confidence Intervals for Water Stress Predictors

The regression plot indicates that interannual variability and seasonal variability exert significant positive effects on
baseline water stress, while river and coastal flood risks demonstrate comparatively weak negative relationships,
highlighting climate variability as the dominant driver of transboundary water insecurity.
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5. Discussion

The results of this study show that climate variability is among the most critical sources of transboundary water stress
and vulnerability to governance. Interannual variability and seasonal variability were found to have strong positive
impacts on baseline water stress in the regression analysis, suggesting that greater variability in water supply conditions
increases the stress on shared water resources. The findings are relevant to the argument that existing transboundary
governance arrangements become more and more ineffective due to the growing threats of changing environmental
conditions because of climate change. AlEmadi (2021) pointed out that the water insecurity in arid and semi-arid areas
not only hinders environmental health, but it also causes political instability and tensions within the region, especially in
water-dependent states in the Middle East and North Africa.

The descriptive and country-level analyses also showed that there are a number of states in the region that are under severe
water stress, and they are also in politically sensitive areas with weak governance and high climate vulnerability. Water-
risk scores were high in countries like the United Arab Emirates, Afghanistan, Niger or Jordan, as a result of the interplay
of environmental stress, hydrological variability and governance pressure. These results are consistent with a previous
body of research that underscores the need for water scarcity as an environmental and geopolitical issue that calls for
institutional collaboration (Scocca, 2019). The high density of high-risk countries in arid regions also underscores the
increasing need for a climate-resilient governance approach that can make an impact to deal with the challenges of future
hydrological uncertainties (Yari et al., 2024).

The correlation and cluster analyses showed that baseline water stress, interannual variability and seasonal variability are
closely related environmental risk clusters. This indicates that freshwater shortages and governance risk are structurally
linked to climate insecurity. These results are consistent with the environmental governance theory, which foregrounds
emphasizing the need for adaptive, multi-level and participatory governance systems that can be responsive to changing
environmental risks (Partelow et al., 2020). Current systems of governance are often institutionally weak and ineffective
in adapting to a rapidly changing climate. Therefore, the institutional flexibility and the cooperation between them should
be strengthened so as their effectiveness in transboundary water governance can be improved.

It also underscores the importance of institutional cooperation and river basin organisations for the management of
transboundary water issues. Past research has shown that good basin institutions play a significant role in preventing
conflicts, disseminating information, and promoting shared access to water use (Schmeier 2015). But the effectiveness of
institutions is highly variable by region. The Nile Basin Initiative (NBI) and the Cooperative Framework Agreement
(CFA) have been beset with political and legal problems, reflecting the competing national interests and the uneven power
of the riparian nations (Woldetsadik, 2017). The continued importance of the so-called "hydro-hegemony theory" is
illustrated by the restrictions imposed by the dominant states on water allocation, treaty negotiations, and governance
processes in shared river basins.

The study also shows that there are significant gaps in the implementation and enforcement of the existing international
environmental law frameworks (Van der,2018). While norms like equitable use, sustainable development, and cooperation
have normative implications, their implementation mechanisms are relatively ineffectual in practice (Rajamani & Peel,
2021). Lack of effective dispute resolution mechanisms and binding compliance procedures diminishes the ability of
international water law to meet new governance demands arising from the impacts of climate change. Furthermore, risk
management, adaptive planning, and interdisciplinary policy coordination are critical dimensions of governance systems
that will need to be integrated in the face of increased environmental uncertainty (Dakoliya, 2025).

The second implication has to do with environmental justice and equitable governance. The water scarcity caused by
climate change is a vulnerable population problem, especially in the developing regions where adaptive capacity is low.
More and more, justice-conscious approaches must be included in environmental governance to achieve fair distribution
of environmental resources and risks, as French et al. (2025) state. Therefore, equitable access to the freshwater resources
and inclusive decision-making processes are crucial for the reduction of hydro-political tensions and the promotion of
sustainable regional cooperation in the context of transboundary water governance.

This study also emphasises the role of preventive governance mechanisms and institutionalised mechanisms for conflict
prevention. Cooperative institutional arrangements are crucial to improve regional stability as they provide opportunities
for dialogue, information sharing and joint policy action (Lewis, 2020). Institutional conflict-prevention policies also help
to alleviate governance fragmentation and enhance collective environmental management (Cuadrado & de Sousa, 2025).
These strategies are especially critical in transnational river basins where environmental pressures meet political unrest
and economic vulnerability.

The results show that transboundary water governance cannot be solely based upon conventional legal approaches and
rigid institutional structures. Rather, the need for effective governance is growing and increasingly involves the need for
law to respond to climate change, institutional capacity to adapt, collaborative governance arrangements and integrated
environmental risk management strategies. Therefore, strengthening international cooperation within the framework of
international environmental law is crucial in order to increase water security, decrease hydro-political conflict and
encourage long-term environmental sustainability of transboundary freshwater systems.

5. Conclusion

The results of this study show that the transboundary water governance is becoming more complex as a result of the
interplay between climate change, hydrological variability, geopolitical tensions and institutional weaknesses. The
empirical analysis showed that interannual and seasonal fluctuations have a significant amplifying effect on water stress,
and water stress exacerbates by the climatic variability, indicating that climatic variability is a significant factor
contributing to water insecurity across the region. There was a clear trend of increased water-risk scores across countries
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in arid and politically volatile regions, revealing the increasing interdependence between environment and governance
pressure. The study also found that the current international environmental law regimes offer valuable normative guidance
on issues such as equitable uses and the need for cooperation, but are limited by weak enforcement, institutional
fragmentation and limited adaptability. The constraints hinder the effectiveness of existing governance mechanisms to
address new environmental and hydro-political problems. The study also highlights the importance of adaptive
governance, legal systems being climate responsive, institutional collaboration, and water diplomacy for preventing
conflict in transboundary water management. In conclusion, the study argues that long-term water security and
environmental sustainability can only be enhanced by increased international cooperation, more effective and regular
integrated governance, and policy changes which are climate resilient and reflect changes in transboundary water
challenges under international environmental law.
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